CD44 is a polymorphic and polyfunctional transmembrane glycoprotein widely expressed in many types of cells. Here, the expression of this protein on human membrana granulosa was studied by two techniques. Using confocal laser scanning microscopy (CLSM) with the mouse monoclonal antibody to human CD44 (clone G44-26), cells immunoreactive for CD44 were observed in both cumulus and mural granulosa cell masses. On the other hand, using monoclonal antibody to human CD44 v9 , goat polyclonal antibody to human CD44 v3-10 and the clone G44-26, no immunoreactivity for CD44 v9 and/or CD44 v3-10 was observed in either cell group by flow cytometry. In the flow cytometric analysis of 32 patients, the incidence of CD44 expression in cumulus cells (62.6 ⍨ 1.3%) was significantly higher than that in mural granulosa cells (38.5 ⍨ 3.2%) (P < 0.0001). In the comparison of CD44 expression by flow cytometry according to the maturation of each cumulus-oocyte complex, the incidence of CD44 expression of cumulus cells was significantly higher in the mature group than in the immature group (P < 0.05). In a flow cytometric analysis, patients with endometriosis showed a significantly lower incidence of CD44 expression in cumulus cells compared to the infertility of unknown origin group (P < 0.05), and compared to both the male infertility group and the unknown origin group in mural granulosa cells (P < 0.01). These findings suggest that the standard form of CD44 is expressed in human membrana granulosa with polarity and may play an important role in oocyte maturation.
Introduction
Hyaluronic acid (HA) is an extracellular glycosaminoglycan found in most types of extracellular matrix in mammalian systems. HA has been found to cause cell aggregation in a number of different cell types and has been implicated in the stimulation of cell proliferation, cell migration and cell adhesion.
The presence of HA in the granulosa cell layer and the zona pellucida at the period of ovulation has been confirmed by many investigators. Antral follicles express HA in the cumulus oophorus and the membrana granulosa after the luteinizing hormone stimulation for ovulation induction (Salustri et al., 1992) . HA in cumulus or mural granulosa cells may be involved in cell-cell adhesion, the prevention of fragmentation or the segmentation of oocytes in vitro (Sato et al., 1987) . We have recently demonstrated that HA prevents apoptosis in cumulus and mural granulosa cells (T. Kaneko et al., unpublished) . Many of the effects of HA are thought to be mediated through cell surface receptors, such as CD44 (Underhill et al., 1987) , CD54 (McCourt et al., 1994) and RHAMM (Turley et al., 1991; Hardwick et al., 1992) .
CD44 is a ubiquitous multistructural and multifunctional cell surface adhesion molecule involved in cell-cell and cellmatrix interactions. The CD44 family belongs to a larger group of HA-binding proteins, termed the hyaladherins (Toole, 1990) . Many of these proteins contain a sequence of amino acids 22 © European Society of Human Reproduction and Embryology homologous to the B loop of cartilage link protein, which appears to be important in the binding of HA. CD44 exists in a short standard form, CD44s (or CD44H), and in a number of large isoforms containing additional exon inserts; all forms are encoded by a single 19-20 exon gene Screaton et al., 1992) mapped, in the human, to the short arm of chromosome 11 (Goodfellow et al., 1982) . All isoforms of CD44 are highly glycosylated by containing both N-and O-linked carbohydrate side-chains. Variations in the degree of glycosylation give rise to the multiple molecular mass forms of CD44.
CD44 and other variants are expressed on a wide variety of normal and abnormal cell types, including epithelial cells and haematopoietic cells such as lymphocytes (Fox et al., 1994; Mackay et al., 1994; Terpe et al., 1994) . In reproductive biology, for example, CD44 has been detected in preimplanted human embryos at 1-8-cell stages (Campbell et al., 1995) , and in human endometrium in the mid-to late secretory phase (Yaegashi et al., 1995) .
Multiple functions for CD44 have been reported, particularly in the haematopoietic cells, e.g. as a homing receptor (Jalkanen et al., 1986) , in the transmission of growth signals (Bourguignon et al., 1993; Tsukita et al., 1994; Entwistle et al., 1996) , participation in the uptake and intracellular degradation of HA (Culty et al., 1992) , cell traffic (Naor et al., 1997) , cell aggregation (Belitsos et al., 1990) , the induction of haematopoiesis (Miyake et al., 1990) and the induction or inhibition of cell apoptosis (Ayroldi et al., 1995; Henke et al., 1996) . The physiological roles of CD44 in epithelium, however, are not well documented as yet. Little information has been obtained regarding the expression and function of CD44 in granulosa cells during follicular development, ovulation and luteinization.
In this study, two techniques, confocal laser scanning microscopy (CLSM) and flow cytometry, were used to investigate: (i) whether CD44 is present on the surface of a human cumulus and mural granulosa cells; (ii) which type of isoforms are expressed in these granulosa cells; (iii) whether there is a difference in the expression of this molecule between these two kinds of granulosa cells; (iv) whether there is a relationship between oocyte maturation and the expression of CD44 in granulosa cells; and (v) whether endometriosis is accompanied by reduced expression of CD44 in granulosa cells.
Materials and methods
Patients and follicle stimulation protocol Granulosa cells were obtained from patients involved in in-vitro fertilization (IVF) programmes at Yamagata University Hospital, Yamagata, Japan. The patients gave informed consent to this study.
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Each patient was administered 600 µg of buserelin acetate/day (Suprecur nasal; Hoescht Marion Roussel, Tokyo, Japan) for pituitary desensitization beginning in the mid-luteal phase of the preceding menstrual cycle. Human menopausal gonadotrophin (HMG, Humegon 150-300 IU/day; Sankyo, Tokyo, Japan) and/or pure follicle stimulating hormone (FSH, Fertinom P; Serono, Tokyo, Japan) were administered starting on day 3 of the menstrual cycle. Human chorionic gonadotrophin (HCG, 10 000 IU; Mochida, Tokyo, Japan) was administered when the leading follicle enlarged to a mean diameter of ജ15.5 mm. Follicles were aspirated by transvaginal ultrasound retrieval (6.5 MHz; Mochida) at 35 h after the administration of HCG.
Cell preparation of cumulus and mural granulosa cells
All follicles with a mean diameter of ജ11 mm were aspirated using a 20 ml syringe. The aspirates were placed in a dish (Falcon 3001), and the cumulus oocyte complexes were washed twice with culture medium and then transferred into another culture dish. Cumulus granulosa cells were separated manually from an oocyte with a 26 gauge needle. Mural granulosa cells were separated from the follicular fluid by centrifugation for 5 min at 480 g using a 80% Percoll gradient medium. The granulosa cells were then picked out manually and washed and precipitated three times in phosphate-buffered saline (PBS). During these procedures, almost all contaminated blood cells were removed. Cumulus cells and mural granulosa cells were dispersed by 0.1% hyaluronidase with gentle pipetting. After these granulosa cells were washed and centrifuged three times with PBS, the cell pellet was resuspended in PBS and used for further examination immediately.
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Immunofluorescence
The prepared cells were placed on a slide glass, dried thoroughly, and fixed with 100% ethanol for 10 min. Mouse monoclonal antibody to human CD44 (clone G44-26, Pharmingen, San Diego, CA, USA), at Pennsylvania State University on February 23, 2013 http://molehr.oxfordjournals.org/ Downloaded from prepared as a 1:100 dilution in PBS, was added to each sample, and then the samples were incubated at room temperature for 1 h. G44-26 detects not only the standard type but also all other isoforms because this antibody recognizes the domain common to all types of CD44. On the other hand, CD44 v9 and CD44 v3-10 detect only the corresponding variant isoforms. The samples were washed to remove excess first antibody and then incubated with fluorescein isothiocyanate (FITC)-conjugated anti-mouse immunoglobulin (IgG) (1:100 in PBS; Calbiochem-Novabiochem International, San Diego, CA, USA) for 1 h at room temperature in a dark box. The samples incubated with second antibody alone were used as negative controls. The cells were then washed three times with PBS and stained by propidium iodide solution (2 µg/ml, Sigma-Aldrich Japan, Tokyo; RNase A, 1 mg/ml, Sigma-Aldrich Japan) for 10 min, and washed three times with PBS, and then finally mounted with 5% wt/vol of 1,4-diazabiccyclo2,2,2-octane, (Dabco; Sigma Chemical Co, St Louis, MO, USA) in 90% glycerol:10% 0.2 M Na 2 HPO 3 . The expression of CD44 was observed immediately after staining under a CLSM (TCS4D, Leica, Heidelberg, Germany).
Fluorescence-activated cell surface (FACS) analysis
The cells prepared by the procedures above were adjusted to 5 ϫ 10 6 cells/ml with PBS. The first antibody (20 µl) was added to 50 µl of prepared cell suspension in a round-bottomed tube (Falcon 2003) and incubated at 4°C for 30 min in the dark. Then the second antibody reactive with each first antibody was added and incubated at 4°C for 30 min. After the samples were washed with PBS, cells were fixed with 50 µl of 1% paraformaldehyde.
The following antibodies were used for this analysis: (i) the first antibodies, FITC-conjugated mouse anti-human CD44 monoclonal antibody (clone G44-26, Pharmingen), goat anti-human CD44 v9 monoclonal antibody (Seikagaku, Tokyo, Japan); isotype-matched control antibody (FITC-conjugated mouse IgG 2b , k; Pharmingen); the second antibodies; FITC-conjugated rabbit anti-goat immunoglobulins (DAKO Glostrup, Denmark), FITC-conjugated goat anti-mouse IgG (Calbiochem, La Jolla, CA, USA). The isoforms which each antibody detects are given above.
Flow cytometric analysis was performed with a FACS Calibur (Becton Dickinson, Mountain View, CA, USA). The data obtained are presented as single-parameter frequency distribution histograms (x ϭ intensity of fluorescence; y ϭ number of cells) for the cell population, which was determined by placing an electronic gate in the dot plot. Clumps of granulosa cells and other residual blood cells were electronically excluded from the analyses in each procedure. The rate of CD44-positive cells was calculated by comparing the number of cells in the negative control with that of the cells with more intense fluorescein in the specimens on the histogram.
Measurement of serum hormone concentrations
Quantification of serum hormone concentration was carried out using commercially avaialable immunoassay: oestradiol, progesterone, FSH, luteinizing hormone (LH), prolactin and HCG by chemiluminescent enzyme immunoassay system (Immulyse; Diagnostic Products Corporation, Los Angeles, CA, USA).
Results
Expression of CD44 in the cumulus and mural granulosa cells
Confocal laser scanning-microscopic examination clearly revealed immunoreactivity to CD44 (G44-26 antibody) in cumulus and mural granulosa cell masses. The majority of the cumulus granulosa cells showed immunoreactivity for CD44. Immunostaining was present in the cytoplasm but especially on the plasma membrane ( Figure 1A) . The positive cells were distributed in a scattered and irregular fashion. In the mural granulosa cells, the staining pattern in the positive cells was similar, but the rate of stained cells was lower than that of the cumulus cells ( Figure 1B) . No specific immunoreactivity was observed in the control cells that had been incubated without the G44-26 antibody ( Figure 1C,D) .
In the flow cytometric analyses, 93.5% of the cumulus cells ( Figure 2A ) and 34.5% of the mural granulosa cells ( Figure  2B ) were judged to be positive with anti-CD44 antibody (clone G44-26). In contrast, no immunoreactivity was detected with anti-CD44 v9 antibody in cumulus cells ( Figure 2C ) and mural granulosa cells (Figure 2D ), or with anti-CD44 v3-10 antibody in cumulus cells ( Figure 2E ) and mural granulosa cells ( Figure  2F ). These results clearly indicate that CD44 is found in the human membrana granulosa.
Higher expression of CD44 in cumulus cells than that in mural granulosa cells
Samples of cumulus cells and mural granulosa cells from 32 patients were analysed by flow cytometry. The incidence of CD44 expression in the cumulus cells (62.6 Ϯ 1.3%) was significantly higher than that in the mural granulosa cells (38.5 Ϯ 3.2%) (P Ͻ 0.0001) (Figure 3 ).
Increase of CD44-positive cells in matured cumulusoocyte complexes (COC)
A total of 35 cumulus masses from seven patients were used to analyse the relationship between the incidence of CD44 expression in cumulus cells and the maturity of COC by flow cytometry. All cumulus masses were classified as immature or mature (Marrs et al., 1984) . The incidence of CD44 expression was measured after unifying individual cumulus masses of the same patients in the same maturity groups, because the cell counts per one cumulus mass were not sufficient for the flow cytometric analysis. The incidence of CD44 expression in the mature cumulus mass group was significantly higher than that in the immature group (P Ͻ 0.05) (Figure 4 ).
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Decrease of CD44 positive cells in patients with endometriosis
The incidence of CD44 expression of each granulosa cell group was compared in the same group of 32 patients classified into the following infertility factor groups: tubal infertility (n ϭ 9), endometriosis (n ϭ 8), male infertility (n ϭ 8), and infertility of unknown origin (n ϭ 7) ( Table I) . Endometriosis was staged according to the revised American Fertility Society classification (AFS, 1985) . All patients in the endometriosis group were classified as AFS III or IV. The patients with endometriosis showed a significantly lower incidence of CD44 expression in cumulus granulosa cells compared with the unknown origin group (P Ͻ 0.05) (Table II) . Regarding the mural granulosa cells, the patients with endometriosis showed a significantly lower CD44 expression compared with both the male infertility group and the unknown origin group (P Ͻ 0.01) (Table II) .
Discussion
It has been reported that cultured human cumulus granulosa cells express CD44 (Campbell et al., 1995) . Using an immunohistochemical staining method, another investigator observed the expression of CD44s on follicular epithelium of the ovary , but others reported no expression of CD44 in ovarian tissue (Fox et al., 1994) nor in ovarian epithelium (Mackay et al., 1994) . These discrepancies can be attributed to technical differences in methodology, variations of staining sensitivity, and/or the difference in antibodies that recognize different epitopes. To our knowledge, no reports have been published on the expression of CD44 in membrana granulosa of mammals, other than in humans. In our study, the plasma membrane alone was stained in some granulosa cells; however, in the majority of granulosa cells, the cytoplasm was also stained. This difference of immunoreactivity may be attributable to the different degree of permeation of antibodies through the plasma membrane and cytoplasm.
A complete elucidation of the cells expressing standard CD44 or its variants at distinct states of differentiation or activation would contribute to the evaluation of CD44 function. It is difficult to ignore the finding that epithelial regions which are rich in proliferating cells (such as the basal cells of stratified 
CD44 in granulosa cells
squamous epithelium and glandular epithelium) express high levels of CD44 variants, especially isoforms containing the v 6 exon. Similarly, activated leukocytes and epithelial cells having generative activities within the embryo also showed a marked expression of CD44 variants. Many investigators have reported that malignant cells, which share many properties with normal cells of generative tissues, bear similar CD44 isoforms (Horst et al., 1990; Gunthert et al., 1991; Arch et al., 1992; Kuppner et al., 1992; Naor et al., 1997) . Granulosa cells are known to be typical proliferating epithelial cells, because of the coating of surfaces and lining of cavities with continuous sheets of these cells connecting via gap junctions and underlying the basement membrane; however, the present results indicated that the CD44 expressed in granulosa cells was mainly the standard form (CD44s), not other isoforms. These findings suggest that the granulosa cells are differentiated from epithelial cells and have different functions. In the light of findings that only CD44s can bind to HA, and that CD44E cannot bind to HA (Stamenkovic et al., 1991) , the signal pathway of HA-CD44 may play an important role in the function of the granulosa cells.
This study was performed by separating the cumulus cells from the mural granulosa cells, because cellular heterogeneity within the follicular epithelium at various stages of follicular development was reported with respect to cell size (Rao et al., 1991; Kerketze et al., 1995) , cell function (Hartshorne, 1990) and cell survival (Nakahara et al., 1997) . These variables, particular in cumulus cells, may be of developmental significance for the enclosed oocyte. Recently, two studies (Gloria and Jonathon, 1997; Michael et al., 1997) on cumulus-oocyte interactions have been reported. This is the first study which demonstrated a difference in CD44 expression between cumulus cells and mural granulosa cells. Since the cumulus granulosa cells which surround an oocyte closely, showed stronger CD44 expression than the mural granulosa cells, CD44 may have some important effects on the oocyte.
It is known that the LH surge in mid-cycle or a well-timed injection of HCG, oocyte maturation is initiated in the fully grown follicles. Some investigators reported that various factors in follicles such as gap junctions (Racowsky et al., 1989) , cAMP (Dekel et al., 1980) , calcium (Goren et al., 1990) , and growth factors and steroids (Edwards, 1990) are associated with oocyte maturation. Changes in these factors in the follicle at the time of preovulation may regulate oocyte maturation. No studies have been reported on the effects of CD44 on the maturation of an oocyte. Since in the present study the granulosa cells of the mature COC had a CD44 expression much higher than that of the immature COC, and since the mature COC contains more HA than the immature COC, the signal pathway of HA-CD44 might have an important influence on oocyte maturation.
Endometriosis is one of the most enigmatic of gynaecological diseases. A perplexing problem is the link between endometriosis and infertility. The mechanism of infertility associated with endometriosis without obvious pelvic adhesive disease is poorly understood, and the best treatment is therefore unknown (Gleicher, 1992) . Many possible mechanisms of this disorder have been suggested, including altered folliculogenesis (Tummon et al., 1988) , ovulatory dysfunction (Dmowski et al., 1986) , reduced preovulatory steroidogenesis of granulosa cells (Harlow et al., 1996) , sperm phagocytosis (Soldati et al., 1989) , impaired fertilization (Mahadevan et al., 1983; Wardle et al., 1985) , embryo toxicity against early embryonic development (Damewood et al., 1990; Simón et al., 1992) , defective implantation (Matson and Yovich, 1986) , and alterations within the oocyte, which in turn result in embryos with a decreased ability to implant (Simón et al., 1994) . In this study, we have demonstrated a relationship between oocyte maturation and the CD44 expression in the granulosa cells, and we have found that the CD44 expression of the granulosa cells in the endometriosis patients was significantly depressed. This depression of CD44 in the granulosa cells surrounding oocytes probably influences the quality of the oocytes. This depression may be one of the reasons why endometriosis patients have relatively poor fecundity.
In conclusion, the results of this study indicate that CD44 is expressed in luteinizing human membrana granulosa and may play important roles in oocyte maturation. Additional studies are required to define in detail the expression and roles of the CD44 family in the granulosa cells during folliculogenesis and the menstrual cycle.
